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(54) Direct oxygen injection into Ixibble, column reactors 

(57) The invention is directed to a liquid phase oxi- 
dation process, wherein a first oxygen-containing gas is 
injected into the lower portion of a bubble column reac- 
tor vessel containing an oxidizeaWe organic liquid. A 
secorxl oxygen-containing gas is further injected into 
the reactor at a point or points wherein the liquid is sub- 
stantially depleted in dissolved oxygen prior to said 
injection. Oxygen from both the first and second oxy- 
gen-containing gases is used to oxidize the organJp liq- 
uid. 
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Description 

FIELD OF THE INVENTION 

This invention is directed towards air-based oxida- 
tion reactions which take place in bubble column reac- 
tors. In particular, the invention is directed towards 
improving both product quality and reactor performance 
characteristics, including product yield, oxygen utiliza- 
tion and productivity, in such reactions by direct injection 
of oxygen into the reactors. 

BACKGROUND 

Bubble column reactors (BCRs) are widely-used in 
the chemical industry as a low-maintenance, inexpen- 
sive means to mix and react gases with liquids, particu- 
larly in liquid phase oxidations of organic chemicals. In 
such liquid phase oxidations most, if not all. of the oxida- 
tion reaction occurs with oxygen dissolved in the liquid 
rather than the oxygen in the gas bubble. Therefore, the 
rate of oxygen dissolution is generally a prime factor in 
the process. 

In its simplest form, a BCR as used for liquid phase 
oxidations is comprised of a column of liquid into the 
tx5ttom quarter of which a reactant gas such as air or 
oxygen enriched air (e.g. air having up to 40 voL% oxy- 
gen) Is injected. The buoyancy of the injected gas 
causes the bubbles to flow upward. This upward flow 6f 
gas but)bles pulls surrounding liquid upward. The 
amount of liquid which flows upward due to bubble 
buoyancy exceeds the net liquid flow through the col- 
umn. Therefore, the upward flow of liquid in regions 
where many or large bubbles exist must be countered 
by the downward flow of liquid in regions where such 
bubbles are rare. In this way. a liquid circulation pattern 
is created which is unique to the specific geometry of 
the BCR. Since BCRs have no mechanical agitation, 
the irijected reactant gas functions to mix the liquid. 

Most liquid phase oxidations of organic chemicals 
occur via free racfical chain mechanisms. In general, the 
mechanism proceeds by four steps: initiation, propaga- 
tion, branching, and termination. The termination of the 
radical chain involves the combination of free radicals. 
High nnolecular weight by-products are produced in ter- 
mination reactions because two radicals react with each 
other prior to reacting with oxygen. The normal termina- 
tion reactions are as foltows: 

ROO* + ROO* -> R=0 + ROH + O2 1) 

R* + R* -> R-R 2) 

In the above reactions ROO* are peroxide radicals 
and R* are hydrocarbon radicals. In the presence of suf- 
ficient oxygen, the concentration of ROO* radicals is rel- 
atively high and the reaction of two ROO* radicals in 
reaction 1 dominates. However, if there is insufficient 



oxygen, as in an oxygen-starved region of a reactor, the 
reaction of the two radicals in reaction 2 will become 
significant, thus forming undesirable high molecular 
weight by-products. In addition to forming these by- 

5 products, the recombinations will enhance the termina- 
tion rate over the propagation rate, consequently lower- 
ing the overall reaction rate. 

The high molecular weight by-products are typically 
colored and difficult to remove from the final product. As 

10 such, they may devalue the product, even at very low 
concentrations. Thus the elimination of the radical path- 
way of reaction 2 can substantially increase product 
value and. in some cases, may also significantly 
increase reaction selectivity. 

15 In reactors of this type the use of air enriched with 
up to 40% oxygen has been employed to increase pro- 
duction rates. However, the use of oxygen enriched air 
can create regions of the reactor having undesirably 
high reaction rates, and often undesired. excessively 

20 high, temperatures. Indeed this is often a problem for air 
fed reactors generally. Unfortunately, these high tem- 
peratures may promote the formation of byproducts 
such as cartx>n oxides in these regions, and as such the 
yield of the desired product and/or the productivity of the 

25 reactor is reduced. 

Arx)ther problem with BCRs is that because of the 
flow patterns established, gas is not uniformly distrib- 
uted in the liquid. Further, in the air-based oxidation of 
organic chemicals, oxygen-depleted air bubbles domi- 

30 nate large portions of the reactor. Coalescence of both 
these bubbles and feed air and/or enriched air txjbbles 
leads to the formation of plumes of large bubbles which, 
due to their size, are very inefficient in transferring oxy- 
gen. Thus, even though oxygen may appear in the 

35 waste gas stream, the reaction may, in fact, be oxygen- 
defident. In practice, due to inefficient mass transfer, 
only about 80% of the oxygen provided in either air or 
oxygen enriched air is typically utilized in the oxidations. 
Unfortunately, the remaining oxygen collects in the 

40 head-space of the reactor and may create an explosion 
hazard. 

In some BCR systems, the regions where feed air 
or enriched air reacts are intentionally kept at an exces- 
sive temperature in order to ensure reaction prior to 

45 coalescence of the feed bubbles. The reason for such 
operation is to promote oxidation and keep the oxygen 
concentration in the waste gas stream betow the explo- 
sive limit. Unfortunately, operation at such temperatures 
also may promote the formation of urvjesirable byprod- 

50 ucts, such as cartxxi oxides in these regions, and the 
yield of the desired product and/or the productivity of the 
reactor is reduced. We should note that by the term 
"explosive limit" we mean the oxygen concentration at 
which the gas stream could be subject to explosion. 

55 Such limits differ depending upon reactant and process 
conditions, but are known to those skilled in the art. 

Other practitioners have attempted to redistribute 
the gas feed at several stages in the reactor by breaking 
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up coalesced bubbles such that the surface area for 
oxygen mass transfer is increased. Methods for redistri- 
bution include the use of perforated trays and/or packing 
materials. Each of these options has some disadvan- 
tages. For example, in addition to adding complexity to 5 
the reactor, they also add metal surface area. In most 
radical reactions, this is undesirable since undesired 
radical recombination is promoted at metal surfaces. 
Also, the presence of hardware in the reactor will sub- 
stantially alter the circulation pattern and may actually 10 
reduce reactor productivity. Thus there is a need in the 
art to provide a simplified, more efficient method for pre- 
venting the formation of byproducts in BCRs. 

OBJECTS OF THE INVENTION is 

It is therefore an object of the Invention to provide a 
process for liquid phase oxidations In bubble column 
reactors whereby the formation of byproducts is 
reduced. 

It is a further object of the invention to provide a 
process for liquid phase oxidations In bubble column 
reactors whereby the formation of byproducts is 
reduced while reactor productivity Is maintained or 
Increased. 25 

SUMMARY OF THE INVENTION 

The above and other objects, which will bedome 
apparent to one skilled in the art upon a reading of this 30 
disclosure, are attained by the present invention, one 
aspect of which is; 

A liquid phase oxidation process, said process 
comprising: 

35 

a) providing a reactor vessel containing an organic 
liquid capable of undergoing oxidation: 

b) injecting a first oxygen-containing gas into the 
bottom portion of said vessel, such that bubbles of 
said first oxygen containing gas flow upwardly 40 
through said vessel to cause an upward flow of said 
organic liquid; and 

c) injecting a second oxygen-containing gas Into 
said reactor at at least one point within said organic 
liquid wherein there is a deficiency of dissolved oxy- 45 
gen. 

Another aspect of the Invention Is an apparatus for 
carrying out a liquid phase oxidation wherein the appa- 
ratus comprises: so 
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that a second oxygen-containing gas is introduced 
into said reactor vessel at at least one point within 
said organic liquid having a deficiency of dissolved 
oxygen. 

As used herein the term "bottom portion" means 
the lower quarter of the reactor vessel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects, features and advantages will occur 
to those skilled In the art from the following description 
of preferred embodiments and the accompanying draw- 
ings, in which: 

Figure 1 is a graph showing the comparative rate of 
mass transfer (or dissolution) of oxygen from air 
and oxygen bubbles into the liquid as derived by 
modeling. 

Rgure 2 Is a cross-sectional elevation view of one 

embodiment of the Invention. 

Figure 2a Is a cross-sectional top-down view of one 

embodiment of the Invention. 

Figure 3 is a cross-sectional elevation view of one 

embodiment of the Invention. 

Figure 3a Is a cross-sectional top<iown view of one 

embodiment of the Invention. 

Figure 4 is a cross-sectional elevation view of a one 

embodiment of the invention. 

Figure 4a is a cross-sectional top-down view of one 

embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Our modeling has shown that the mass transfer of 
oxygen from oxygen bubbles into the liquid is signifi- 
cantly faster than from air bubbles or air bubbles 
enriched with oxygen. This is illustrated in Figure 1, 
which shows the predictions of our nxxlel of oxygen 
mass transfer from a bubble into an organic liquid. 

In this nxxlel. the same total amount of oxygen is 
added to the liquid either via pure oxygen txibbles, oxy- 
gen enriched (25 vol.%) air kxjbWes, or air (21 vol.% 
oxygen). The rate of oxygen mass transfer from an oxy- 
gen bubble Is compared to the rate of oxygen mass 
transfer from air bublDies or air bubbles enriched to 25% 
oxygen. Due to the presence of inert nitrogen, the con- 
centration of oxygen in the air bubbles and enriched air 
bubbles diminishes as oxygen is transferred out of the 
bubble. 

In contrast, the concentration of oxygen In the oxy- 
gen bubble remains constant, and any diminution of 
oxygen transfer rate Is due solely to the decrease in the 
available area due to shrinkage of the bubble. This 
model assumes that the oxygen, air and enriched air 
txitibles all begin at the same size, and that there is no 
coalescence of bubbles and no evaporation of solvent 
into the bubble. 



a) a reactor vessel comprising an organic liquid 
capable of being oxidized; 

b) a first Injector communicating with the interior of 
the reactor vessel for Injecting a first oxygen-con- 55 
taining gas into the reactor vessel for passage 
through said reactor vessel; and 

c) at least one additional injector positioned such 
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In actual practice, the effects of solvent evaporation 
on mass transfer can be significant. In addition, air and 
enriched air bubbles are subject to significant coales- 
cence because, due to the presence of large concentra- 
tions of nitrogen, they persist from the point of injection 5 
until they escape through the upper surtace of the liquid 
and they also expand in volume as they rise through the 
liquid due to decrease in hydrostatic pressure. For 
example, through proper injector design, a typical size 
for an injected oxygen bubble may be one millimeter, w 
Significantly for this application, the oxygen in these 
bubbles dissolves so quickly that there is little or no coa- 
lescence. In contrast, air bubbles coalesce and can 
grow to be up to 5 cm or larger Our modeling has 
shown that the range of the oxygen mass transfer rates 75 
Is a full two orders of magnitude smaller with the air or 
enriched air bubbles as compared to pure oxygen. For 
those reactions tfiat are limited by mass transfer rate of 
oxygen, the increase in mass transfer rate associated 
with these small oxygen bubbles can generate higher 20 
rates of chemical reaction. 

The invention will be discussed in detail with refer- 
ence to Figures 2-4a. In these Figures the reference 
numbers are the same for common elements. Connputa- 
tional fluid dynamics (CFD) modeling shows that for a 25 
typical BCR, where reactant gas is injected into the bot- 
tom portion of the reactor, two possible flow patterns 
emerge. The first is shown in Figure 2. 

Figure 2 shows a reactor vessel 1 which contairfs 
an organic liquid capable of being oxidized. For the pur- 30 
poses of the invention, reactor vessel 1 typically has an 
aspect ratio (height over diameter) of between 6 and 8. 
However, reactor vessels having an aspect ratio as 
snr^all as 2 or larger than 10 are also contemplated. 

The organic liquids may include, but are not limited 35 
to, cumene which is oxidized to form cum enehyd roper- 
oxide, cydohexane which is oxidized to form a mixture 
of cydohexanone and cyclohexarwi. p-xylene which \s 
oxidized in a process to produce dimethytterephthalate 
or terephthalic acid, arrthrahydroquinone which is oxi- 40 
dized to form a peroxyanthraquinone, which is a precur- 
sor to hydrogen peroxide, and acetaldehyde which is 
oxidized to form acetic add. 

In a typical BCR. if a first oxygen-containing gas, 
which is either air or oxygen enriched air (having an oxy- 45 
gen content of up to 40 vol.%i, is injected in the bottom 
portion of the reactor vessel 1 r>ear the center of the 
reactor diameter through Injector 2. it will coalesce into 
bubbles 3 having diameters of up to 5 cm or larger, 
within one or two reactor diameters. The central portion so 
of the reactor will be heavily loaded with gas having a 
net upward flow. This flow will cause the organic liquid 
reactant to rise within the vessel 1 . as depicted by the 
upwardly pointing arrows. As the upwardly flowing reac- 
tant approaches the top of vessel 1 . it changes course 55 
and fbws down vessel 1. as shown by the downwardly 
pointing arrows, in a redrculating pattern. Because the 
gas contained in the bubbles is released into the head 



space at the top of the reactor, region 4 near the walls of 
the vessel 1 will have a net downflow of liquid with little 
or no gas present and, as the reaction continues 
between the dissolved oxygen and organic liquid, the 
liquid will become essentially oxygen depleted. It is in 
this region (4), of insufficient dissolved oxygen, that a 
second oxygen-containing gas. having an oxygen con- 
tent of at least 70 vol.%. more preferably at least 90 
vol.7o oxygen, will be injected into the reactor through at 
least one injection nozzle 6. Below the lower limit of less 
than 70 vol.%, too much inert nitrogen may be intro- 
duced into the process, thus altering the flow patterns of 
the reactor. In an alternative embodiment as shown in 
Figure 2a, the oxygen injector may be a tubular ring 6 
having several orifices or nozzles therein which is within 
the circumference of the reactor 1 . 

As shown in Figure 3, if the first oxygen -containing 
gas is injected into the bottom portion of the vessel 1 
near the walls through injector 2. it will tend to hug the 
walls, again coalescing into large slugs of gas 3. The 
organic liquid near the walls will tend to flow upwardly, 
as shown by the arrows, while the liquid in the center of 
the reactor will have a net downflow as shown by the 
arrows. Again, gas in the bubbles will release into the 
head space of the reactor, and consequently the central 
core 5 of the vessel 1 will tend to have little or no gas 
and will become essentially oxygen depleted. It is into 
this region that the second-oxygen containing gas will 
be Injected into the vessel through at least one injection 
nozzle 6. In an alternative embodiment, as shown in 
Figure 3a, the oxygen injector may be a tubular ring 6 
having several orifices or nozzles therein which is within 
the circumference of the reactor 1 . 

As suggested above, the regions which are essen- 
tially depleted of dissolved oxygen are typically found in 
the portions of the of the reactor where there is a net 
downflow of liquid. The existence of regions with insuffi- 
dent dissolved oxygen can be determined from the 
presence of undesirable high molecular weight byprod- 
ucts which are formed in the absence of oxygen. Flow 
models (both experimental arxJ conrputer-based) may 
be used to determine the optimal location for oxygen 
injection. 

The precise location of these downflow regions is 
sensitive to the reactor geometry, the presence of inter- 
nal baffles and heat ti-ansfer surfaces, and the injector 
geometry, but would be recognized by those of ordinary 
skill in the art. 

As discussed, these regions will not have any sig- 
nificant oxygen mass transfer to them and, in typical 
reactor systems, will generally be essentially oxygen - 
depleted. As such, any oxygen txjbbles from said sec- 
ond oxygen -containing gas which is injected in these 
locations will be rapidly dissolved. These oxygen bub- 
bles will have a very small diameter (on the order of 1 
mm) as compared to the butibles of said first oxygen- 
containing gas and, therefore, littie buoyancy Since 
they are consumed rapidly, there will be little opportunity 
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for the oxygen bubbles to coalesce and become buoy- 
ant. Therefore, they will not affect the general reactor 
hydrodynamics. 

Those skilled in the art will appreciate that the 
amount of oxygen employed in any particular oxidation, s 
relative to the amount of oxygen added in the air or oxy- 
gen-enriched air feed, will vary deperxJing on the partic- 
ular features of the oxidation, such as the particular 
liquid involved, the operating conditions pertaining to 
the oxidation, and the like. Thus the amount of oxygen w 
added through the second oxygen-containing gas may 
be greater than or less than the amount of oxygen 
added from the first oxygen-containing gas. 

Total replacement of air with oxygen is not readily 
accomplished in existing BCRs due in part to explosion is 
hazards associated with high oxygen concentrations in 
the reactor head space. Another reason for not replac- 
ing air with oxygen is that the inert nitrogen in air pro- 
vides the buoyancy induced stirring that acts to mix the 
liquid in the vessel. 

An alternative embodiment of the invention would 
include multiple injection points of oxygen. Because 
BCRs tend to have a large length to diameter ratio, 
there may be several locations along the downflow 
where the liquid may be depleted of oxygen. In such an 25 
embodiment, injector 9 would be used as shown in Fig- 
ure 4 to inject said second oxygen-containing gas. In an 
alternative embodiment, the oxygen injector may com- 
prised of a series of tubular rings 9 having severe ori- 
fices or nozzles therein which are within the 30 
circumference of the reactor 1 . 

The invention offers several benefits. For example, 
due to the improved mass transfer associated with the 
injection of the second oxygen containing gas, up to 
100% of this gas that is introduced may be utilized. As 35 
such the process of the invention offers improved effi- 
ciencies and cost advantages over conventional enrich- 
ment processes in which, as discussed above, oiygen 
utilization is typically about 80%. In addition, because 
up to 1 00% of the added oxygen may be utilized, expio- 40 
sion hazards associated with excess oxygen in the 
headspace of the reactor are determined primarily by 
the residual oxygen in the air or oxygen enriched air 
bubbles rising out of the surface of the liquid. 

As may be inferred from the above discussion, by 45 
promoting the reaction of. radicals in the regions identi- 
fied above, the formation of undesirable coupled by- 
products is suppressed. Consequently, because reac- 
tants, which in the absence of oxygen woukJ react to 
form undesirable by-products, are oxidized, improved so 
product yields and higher purity products are obtained 

In addition, because there is little or no additional 
inert gas present, the overall circulation pattern of the 
reactor is not substantially disrupted by the presence of 
additional inert gas bubbles. In contrast, the staged ss 
injection of air into these downflow regions will change 
circulation patterns because the high nitrogen content 
in air will tend to drive bubbles upward against the flow. 



This would lead to undesirable consequences such as 
poor liquid circulation patterns in the reactor, and con- 
sequently inefficient heat transfer. 

Still another benefit of the process is related to the 
productivity of the reactor. Regions of the reactor which 
were previously unused (because they contained insuf- 
ficient oxygen to support reaction) may now be used 
due to the process of this invention. 

Further, the invention is applicable to those reactors 
having excessive cartoon oxide byproduct formation due 
to the presence of high tenperature regions where air 
or enriched air is fed. In such situations, it may be desir- 
able to improve the yield of the preferred product and/or 
the productivity of the reactor by reducing the primary 
input of air or of enriched air so as to reduce the liquid 
temperature in this region. The productivity (e.g. 
amount of desired reaction product) lost in these 
regions can be compensated for, or exceeded, by gains 
in product yield and reactor productivity in the regions 
where the second oxygen containing gas is added in 
accordance with this invention. 

Tbe invention is also applicable to those reactors 
where the temperature of the air/enriched air reaction 
regions has been intentionally kept high in order to keep 
the oxygen in the waste gas stream below the explosive 
level. Such high temperatures often lead to the forma- 
tion of undesirable by-products such as carbon oxides, 
which reduce the potential yield. Through the process of 
the invention, the flow of the air/enriched air may be 
reduced to a point wherein the oxygen concentration in 
the waste stream would be below the explosive level or 
limit at a lower, preferred temperature. The productivity 
(e.g. amount of desired reaction product) lost in these 
regions can be compensated for, or exceeded, by gains 
in product yield and/or reactor productivity in the regions 
where the second oxygen containing gas is added in 
accordance with this invention. 

Finally, this technology provides the additional eco- 
nomic benefit of reducing the amount of air compres- 
sion energy required per unit of product. This is 
because the invention allows one to increase reactor 
production without having to increase the amount of 
compressed feed air. By extrapolation of this reasoning, 
one may maintain the amount of reactor production, and 
decrease the amount of feed air. 

Specific features of the invention are shown in one 
or more of the drawings for convenience only, as each 
feature may be combined with other features in accord- 
ance with the invention. Alternative emtx>diments will be 
recognized by those skilled in the art and are intended 
to be included within the scope of the claims. 

Claims 

1. A liquid phase oxidation process, said process 
comprising: 

a) providing a reactor vessel containing an 
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organic liquid capable of undergoing oxidation; 

b) injecting a first oxygen-containing gas into 
the tower portion of said vessel, such that bub- 
bles of said first oxygen containing gas flow 
upwardly through said vessel to cause an 
upward flow of said organic liquid; and 

c) injecting a second oxygen-containing gas 
into said reactor at at least one point wherein 
there is a deficiency of dissolved oxygen. 

2. The process according to claim 1 , wherein said first 
oxygen-containing gas is air. 

3. The process according to claim 1, wherein said 
second oxygen-containing gas is oxygen having a 
purity of at least 70 vol.%. 

4. The process according to claim 1 . wherein the yield 
of the oxidation process is increased as compared 
to a process wherein said second oxygen-contain- 
ing gas is not added to the reactor. 

5. The process according to claim 1 , wherein the oxy- 
gen utilization in the reactor is increased as com- 
pared to a process wherein said second oxygen - 
containing gas is not added to the reactor.. . 

6. The process according to daim 1. wherein said 
second oxygen containing gas is added in ah 
amount effective to allow for a reduction in the 
anxxjnt of said first oxygen containing gas. such 
that the amount of oxidation product produced in 
said oxidation process is at least as great as com- 
pared to a process wherein said second oxygen- 
containing gas is not added to the reactor. 

7. The process according to claims 1 or 6, wherein the 
production of cartxxi oxide byproducts is sut>stan- 
tially reduced in said liquid phase oxidation proc- 
ess. 

8. The process according to claims 1 or 6, wherein the 
reactor vessel contains a headspace above said 
organic liquid wherein unreacted and reaction 
byproduct gases accumulate during said oxidation 
process, and wherein the amount of oxygen in said 
headspace is in a concentration below the explo- 
sive limit. 

9. The process according to claim 1, wherein said 
organic liquid is selected from the group consisting 
of cumene, cyclohexane, p-xylene. anthrahydroqui- 
none and acetaldehyde. 

10. The process according to daim 1, wherein said 
injection of a first oxygen containing gas creates a 
circulation pattem in said reactor, and said pattern 
promotes mixing of said organic liquid, and wherein 



said second oxygen containing gas injected in such 
a manner as to have substantially no effect upon 
said circulation pattern. 

5 11. The process according to claim 1. wherein said 
reactor vessel contains no mechanical agitation 
means. 
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(54) Direct oxygen injection Into bubble column reactors 

(57) The invention is directed to a liquid phase oxi- 
dation process, wherein a lirst oxygen-containing gas is 
injected (2) into the lower portion of a txibble column 
reactor vessel (1) containing an oxidizeable organic liq- 
uid. A second oxygen-containing gas is further injected 
(6) into the reactor at a point or points wherein the liquid 
is substantially depleted in dissolved oxygen prior to 
said injection. Oxygen from both the first and secorxl 
oxygen-containing gases is used to oxidize the organic a 
liquid. 
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